From: 

Sent: 

To: 

Subject: 



STIC-ILL 



Schmidt, Mary 

Monday, October 28, 2002 3:51 PM 
STIC-ILL 

references 09/909,796 





U?i - A 5 Mia 



Hi, please locate the following references: 
Ploszaj et a!., Amino acids (Austria), 2000, 19 (2), p483-96. 
Stefanelli etal. Biochemical journal (England) May 1, 2000, 347 Pt. 3, p875-80. 
Sakagami et al. Anticancer Research (Greece), Jan-Feb. 2000, 20 (1 A), p265-70. 
Ray et al., American journal of physiology, Cell physiology (US), Mar. 2000, 278 (3), pC480-9. 
Bock et al. Radiation research (US), Dec. 1999, 152 (6), p604-10. 
Dai et al. Cancer research (US), Oct. 1, 1999, 59 (19), p4944-54. 
Bratton etai. Jo. of biological chemistry (US), Oct. 1, 1999, 274 (40), p281 13-20. 
Palyi etal. Anti-cancer drugs (England), Jan 1999, 10 (10, p103-11. 
Li et aLAm. journal of physiology , April 1999, 276 (4 Pt. 1), pC946-54. 
j0 ( ^Ray e t al. Am. journal of physiology, Mar. 1999, 276 (3 Pt. 1) pC684-91. 
Das et al. Oncology Research (US), 1997, 9 (11-12), p565-72. 
Monti et al.. Life Sciences (England), 1998, 62 (9), p799-806. 
Lin etal., Experimental cell research, (US), Nov. 25, 1997. 
Tome et al. biochemical Journal (England) Dec. 15, 1997, 328 (Pt. 3), p847-54. 
Hu etal., Biochemical journal (England), Nov. 15, 1997, 328 (Pt. 1), p307-16. 
Tome et al. biological signals (Switzerland), May -Jun 1997, 6 (3), p150-6. 
Taguchi etal., Cell biochemistry and function (England), Mar 2001, 19 (1), p19-26. 
Camon etal. neurotoxicology (US), Fall 1994, 15 (3), p759-63. 
Shinki etal., Gastroenterology (US), Jan 1991, 100 (1), p1 13-22. 
Heston et al. Prostrate (US), 1982, 3 (4), p383-9 

Stefanelli etal, biochemical journal (England), Apr. 1, 2001. 355 (pt. 1), p1 99-206. 

Lopez et al., biocell: official journal of the sociedades latinoamericanas de microscopia electronica... et. al. 9Argentina), 
Dec. 1999, 23 (3), p223-8. 

Schipper et al. seminars in cancer biology (US), feb. 2000, 10(1), p55-68. 
Nilsson et al., biochemical journal (England) Mar. 15, 2000, 346 Pt. 3, p699-704. 

giuseppina monti m. et al., biochemical and biophysical research commun. (US), Apr. 13, 1999, 257 (2), p460-5. 

ratasirayakorn et al, j. of periodontology feb. 1999, 70 (2), p1 79-84 

stabellini et al., Experimental and molecular parhology (US), 1997, 64 (3), p147-55. 

Sparapani etal, experimental neurology (US), nov. 1997, 148 (1), p1 57-66.. 

Dhalluin et al., carcinogenesis (Eng.), Nov. 1997, 18 (11), p2217-23. 



l 



Polyamine depletion arrests cell cycle and induces 
inhibitors p 21 Wafl/Ci P l , p27 Ki P 1 , and p53 in IEC-6 cells 

RAMESH M. RAY, 1 BARBARA J. ZIMMERMAN, 1 SHIRLEY A. McCORMACK, 1 
TARUN B. PATEW AND LEONARD R. JOHNSON 1 

Departments of ' 1 Physiology and Biophysics and 2 Pharmacology, 
College of Medicine, University of Tennessee, Memphis, Tennessee 38163 



Ray, Ramesh M., Barbara J. Zimmerman, Shirley A. 
McCormack, Tarun B. Patel, and Leonard R. Johnson. 

Polyamine depletion arrests cell cycle and induces inhibitors 
p2iwafi/cipi ( p 27 Kl ^, and p53 in IEC-6 cells. Am. J. Physiol 
276 (Cell Physiol. 45): C684-C691, 1999. —The polyamines 
spermidine and spermine and their precursor putrescine are 
intimately involved in and are required for cell growth and 
proliferation. This study examines the mechanism by which 
polyamines modulate cell growth, cell cycle progression, and 
signal transduction cascades. IEC-6 cells were grown in the 
presence or absence of DL-a-difluoromethylornithine (DFMO), 
a specific inhibitor of ornithine decarboxylase, which is the 
first rate-limiting enzyme for polyamine synthesis. Depletion 
of polyamines inhibited growth and arrested cells in the ( M 
phase of the cell cycle. Cell cycle arrest was accompanied by 
an increase in ihe level of p53 protein and other cell cycle 
inhibitors, including p2l W '» ,1/Ci pi an d p27 Kipl . Induction of cell 
cycle inhibitors and p53 did not induce apoptosis in IEC-6 
cells, unlike many other cell lines. Although polyamine 
depletion decreased the expression of extracellular signal- 
regulated kinase (ERK)-2 protein, a sustained increase in 
ERK-2 isoform activity was observed. The ERK-1 protein 
level did not change, but ERK-1 activity was increased in 
polyamine-depleted cells. In addition, polyamine depletion 
induced the stress-activated protein kinase/c-Jun NH 2 - 
terminal kinase (JNK) type of mitogen-activated protein 
kinase (MAPK) Activation of JNK- 1 was the earliest event; 
within 5 h after DFMO treatment, JNK activity was in- 
creased by 150%. The above results indicate that polyamine 
depletion causes cell cycle arrest and upregulates cell cycle 
inhibitors and suggest that MAPK and JNK may be involved 
in the regulat ion of t he activity of these molecules. 

ornithine decarboxylase; DL-a-difluoromethylornithine; pu- 
trescine; signal transduction; mitogen-activated protein ki- 
nase; cyclin-dependent kinase inhibitor 



THE polyamines spermidine and spermine and their 
precursor putrescine are intimately involved in and 
required for cell growth and proliferation (43, 57). 
Intracellular polyamine levels are highly regulated and 
are primarily dependent on the activity of ornithine 
decarboxylase (ODC), which catalyzes the first rate- 
limiting step in polyamine biosynthesis (48, 37). An 
increase in ODC' activity is one of the earliest biochemi- 
cal events associated with the induction of cellular 
proliferation (43, 57), and depletion of polyamines by 
DL-a-difluoromethylornithine (DFMO), a specific and 
irreversible inhibitor of ODC, attenuates trophic re- 
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sponses in a number of tissues (43, 37). Although the 
importance of polyamines in cell growth is well known, 
their exact role in specific events related to cell prolifera- 
tion at the molecular level is still unclean 

Growth regulatory consequences of polyamine deple- 
tion suggest a link between signal transduction cas- 
cades, cell cycle machinery, and apoptosis. Several 
investigators have provided evidence for polyamine- 
dependent restriction points during the Go-Gi transi- 
tion and Gj phase in various cell types (5, 18, 51). So far, 
the precise location of the block has not been deter- 
mined. Orderly progression through the cell cycle is 
now known to be dependent on the coordinated interac- 
tion between key cell cycle regulatory molecules includ- 
ing cyclins, cycl in-dependent kinases (CDKs), and CDK 
inhibitory proteins such as p21 w « n/Ci n and p27 Ki ^ (20, 
22. 25, 42). Increased levels of CDK inhibitory proteins 
prevent the release of E2F, a transcription factor 
required for the transcription of S phase genes, from 
retinoblastoma protein, resulting in cell cycle arrest (6, 
7, 11,33). 

It is now established that the mitogen-activated 
protein kinase (MAPK) cascade is also involved in a 
variety of biological processes, such as differentiation 
(9, 58), cell attachment (8), cell motility (26), smooth 
muscle contraction (1), and protein synthesis (53), 
depending on the stimuli and cell type. For example, in 
PC- 12 cells, epidermal growth factor (EGF) activation 
of the MAPK pathway leads to proliferation, whereas 
nerve growth factor-stimulated MAPK activation leads 
to differentiation (9, 58). Recently, a novel paradigm 
has been described in which the MAPK kinase (MEK)/ 
MAPK pathway negatively regulates CDK activity and 
mediates cell cycle arrest (45). 

The c-Jun NH^-terminal kinase [JNK; also known as 
stress-activated protein kinase (SAPK)] group of MAPKs 
is activated by exposure of cells to environmental stress 
or by treatment of cells with proinflammatory cyto- 
kines (17, 21, 28, 56), ultraviolet light (10), DNA- 
damaging drugs (59, 64), protein synthesis inhibitors 
(21), ceramide (62), and tumor necrosis factor-a and 
interleukin-1 (28, 47). In addition, JNK activity is also 
induced by mitogenic signals, including growth factors 
(40) and oncogenic Ras (10). One potential function of 
JNK may be the initiation of programmed cell death 
(apoptosis). Overexpression of MEK kinase, the JNK 
kinase kinase, has a lethal effect on fibroblasts (23, 30). 
In addition, the tumor supressor p53, which is essential 
for radiation-induced apoptosis (40), may be a sub- 
strate of JNK- 1 in vivo (39). 

In the small intestine, cell proliferation and cell 
migration are fundamental processes for the organ iza - 



(VMYA r>H:*/99 $5.00 Copyright v 1999 the American Physiological Society 



POLYA MINES AND CELL CYCLE REGULATION C685 



tion and maintenance of tissue integrity. Highly regu- 
lated mechanisms appear to control Lhe rate of cell 
proliferat ion, migrat ion, and differentiation of the crypt 
cells. Frey et al. (15) established that increases in 
1 w.-tf i ( anc j pZ7 Ki \ }l anc j hypophosphorylation of 
retinoblastoma protein are associated with phorbol 
ester-mediated activation of the protein kinase C iso- 
form and cell cycle arrest in IEC-18 cells. Sustained 
elevation of JNK and p53 has been reported to induce 
apoptosis in several cell lines (8, 32). Spontaneous 
apoptosis is part of the stem cell homeostatic process, 
ensuring that extra stem cells are deleted from the 
small intestine. Addition of a single stem cell to the 
normal complement of 250 cells in a small intestinal 
( iypl could elision the architecture of the crypt: and 
generate a hyperplastic crypt, which is rare in the 
small intestine, implying that stem cell number is 
tightly regulated. Our laboratory has been interested 
in the role of poly amines in the growth and repair of the 
gastrointestinal mucosa and has examined these pro- 
cesses in both rats and in cultured, normal rat intesti- 
nal epithelial cells (IEC-6). Recently, we demonstrated 
that, in IEC-6 cells, EGF treatment decreased the 
doubling time by 8 h, whereas, in polyamine-depleted 
cells, EGF had no effect on the doubling time. An 
inhibitory effect of polyamine depletion on phosphoryla- 
tion of the EGF receptor suggested the involvement of 
polyamines in signaling cascades (35). However, the 
precise role of polyamines in the signaling cascade that 
includes MAPK, JNK, and cell cycle regulators has not 
been investigated. Tn this report, data are presented 
that show the induction of p53 and CDK inhibitory 
proteins upon polyamine depletion and cell cycle arrest. 
Concomitant induction of MAPK and JNK during 
polyamine depletion suggests a link between the signal 
transduction cascade and negative growth regulation 
in IEC-6 cells. 

MATERIALS AND METHODS 

Materials. Medium and other cell culture reagents were 
obtained from GIBCO BRL (Grand Island, NY). Fetal bovine 
serum (FBS), dialy/.ed fetal bovine serum (dFBS; 1,000- 
moleculnr weight cut oil), myelin basic protein (MBP), and 
propidium iodide were from Sigma (St. Louis, MO). [7- ?,ii P] ATP 
and an enhanced chemiluminescence Western blot detection 
system were purchased from DuPont-NEN (Boston, MA). 
DFMO was a gift from the Merrell Dow Research Institute of 
Marion Merrell Dow (Cincinnati, OH). Both anti-MAPK 
extracellular signal-regulated kinase (ERK)-2 (monoclonal) 
and anti-MAPK ERK-l-CT (polyclonal) antibodies were pur- 
chased from Upstate Biotechnology (Lake Placid, NY). JNK-1 , 
p21, p27, and p53 antibodies were purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA). The apoptosis detec- 
tion kit was purchased from Oncor (Gaithersburg, MD). 
TAGS apoptotic DNA laddering kit was purchased from 
Trevigen (Gaithersburg, MD). The IEC-G cell line (American 
Tvpe Culture Collection CRL-1592) was obtained from the 
American Type Culture Collection (Manassas, VA) at passage 
13. The cell line was derived from normal rat intestine and 
was developed and characterized by Quaroni et al. (46). The 
cells are nontumorigenic and retain the undifferentiated 
character of epithelial stem cells. All other chemicals were of 
the highest purity commercially available. 



Cell culture. The IEC-G cell stock was maintained in T-150 
flasks in a humidified, 37°C incubator in an atmosphere of 
90:10 air-CX)^. The medium consisted of DMEM with 5'"'.. 
heat-inactivated FBS and 10 pg/ml insulin and 50 pg/ml 
gentamicin sulfate. The stock was passaged weekly at 1:10 
and fed three times per week, and passages 15 -20 were used. 
For the experiments, the cells were taken up with O.OS'V 
trypsin plus 0.53 mM EDTA in Hanks' balanced salt solution 
wit hout calcium and magnesium and counted by hemocytom- 
eter. 

Growth studies. The cells were plated at a density of G.25 x 
10 4 cells/cm 2 in T-25 flasks in DMEM containing 5% dFBS 
plus 10 pg/ml insulin and 50 pg/ml gentamicin sulfate 
(DMEM-dFBS) with or without DFMO or putrescine. Each 
experiment contained three each of untreated, DFMO- 
treated, and DFMO/putrescine-treated flasks. Every other 
day. the cells in three flasks from each group were taken up 
wit h trypsin-EDTA and the number of cells in an aliquot was 
counted by Coulter counter. Each experiment was carried out 
in triplicate, the controls were combined, and the data were 
expressed as percentages of control. 

Apoptosis. Cells were plated as described above in DMEM- 
dFBS with or without DFMO or putrescine on chambered 
slides. On clay 5, the cells were fixed in 4% neutral buffered 
Formalin and postfixed in 2:1 ethanol-acetic acid. Apoptotic 
cells were identified by terminal deoxynucleotide transferase 
labeling according to the manufacturer s instructions. Follow- 
ing the procedure, the cellular DNA was counterstained with 
propidium iodide (5 pg/ml). The nucleosomal fragmentation 
assay was carried out by isolat ing DNA from the cells using 
the TAGS apoptotic DNA laddering kit and analyzing the 
DNA by agarose gel electrophoresis following the manufactur- 
er's instructions. 

Cell cycle analysis. Cells were plated in DMEM-dFBS with 
or without DFMO in T-25 flasks at a density of 6 X 10 1 
cells/cm^. They were taken up with trypsin-EDTA on days 
J- -/post plating. The cells were collected by centrifugation for 
5 min at 100 g, washed with ice-cold PBS 1% BSA (washing 
buffer), resuspended in 0.5 ml, and fixed with 1 ml 70% 
ethanol at — 20°C, added dropwise. The cells were washed 
three times in washing buffer at 4'C and resuspended in 1 ml 
containing 100 pg RNase (RASE, Worthington) and 5 pg 
propidium iodide. They were then incubated at 37 f 'C for 15 
min in the dark, washed three times with 3 ml of washing 
buffer, resuspended in 1 ml, and analyzed by flow cytometry 

Pi eparation of cell extract. The IEC-G cells were plated (day 
0) m GO- mm dishes at a density of G.25 < 10' 1 cells/cm^ in 
DMEM-dFBS with or without DFMO (5 mM) and putrescine 
(10 pM). Dosages were chosen from dose-response curves 
carried out previously. On day 3, the medium was removed 
and medium was added that did not contain dFBS but did 
contain DFMO or DFMO plus putrescine when required. On 
day 4 t medium was removed and 500 pi of cold immunoprecipi- 
tation bufTer (IPB; 10 mM Tris-HCl at pH 7.4, 1% Triton 
X-100, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% 
Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 10 mM 
NaF, 200 pM Na ;i V0 4 , 80 pg/ml leupeptin, and 40 pg/ml 
aprotinin) was added. The cell suspension was rotated at 4°C 
for 30 min, and the extract was cleared by centrifugation at 
10,000 g for 5 min. The extracts were stored at — SOX until 
use. Protein concentration was determined by the method of 
Bradford (4). using BSA as a standard. 

Immunoprecipitatinn. Cell lysates were matched for pro- 
tein and precleared with 20 pi of protein A/G agarose for 1 h at 
4°C The precleared supernatants were further incubated 
overnight with 2 fig of antibody recognizing p2l, p27, p53, 
ERK-1 , ERK-2, or JNK-1, and immunocomplexes were pread- 
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sorbed to protein A/G agarose. Preadsorbed iiTimunocom- 
plexes were then used to measure ERK-1, ERK-2, or JNK 
activity by in vitro kinase assay and p21, p27, and p53 by 
Western blotting. 

In vitro MAPK assay. The immunocomplexes were pelleted 
by centrifugation (10,000 g for 2 min) and then washed three 
limes with IPB and once with kinase assay butler |KAB; 20 
mM Tris-HCl, pH 7.4, 10 mM MgCl, • GH.0, 200 uM Na :t V() 4 , 
10 mM NaT, and 1 mM dithiothreitol (DTT)|. The pellet was 
resuspenried in 40 pi KAB containing 0.3 mg/ml MBP, 20 pM 
ATP, and 10 pCi l^- V P| ATP. Alter 20 min at 30X, the reaction 
was terminated by the addition of 40 pi of 2x Laemmli 
sample buffer. Samples were then boiled for 5 min and 
subjected to 15% SDS-PAGE. The gels were stained with 
Coomassie brilliant blue, dried, and exposed for 1-3 h to 
Kodak X-ray film. 

In vitro JNK assay. The immunocomplexes were pelleted 
by centrifugation (10,000 gfor 2 min) and then washed three 
times with JNK buffer and once with JNK assay buffer. The 
agarose beads were resuspended in 30 pi JNK assay buffer 
(20 mM HEPES, pH 7.G, 20 mM MgCl 2 , 20 mM p-glycerophos- 
phate, 2 mM DTT, 100 pM p-nitrophenyl phosphate, 100 pM 
Na-<V0 4 ), 1 pg of glutathione S transferase (GST)-c-Jun 
protein, 20 pM ATP, and 10 pM lr ; ^P|ATP. After 20 min at 
'MY'V, the reaction was terminated by the addition of 30 pi of 
2\ Laemmli sample buffer. Samples were then boiled for 5 
min and subjected to 15% SDS-PAGE. The gels were stained 
with Coomassie brilliant blue, dried, and exposed for 1 -3 h to 
Kodak X-ray Him. 

Western blot analysis. Cell extracts were prepared as 
described above. Total cell protein (50 pg) was separated on 
1 5% SDS-PAGE gels and transferred to nitrocellulose mem- 
branes for Western blotting. Equal loading of protein was 
confirmed by staining the nitrocellulose membrane with 
Ponceau S. The membranes were then probed with an 
antibody directed against one of the proteins (p21, p27, p53 t 
ERK-1, ERK-2, and JNK-1). The immunocomplexes were 
visualized by the enhanced chemiluminescence detection 
system and quantitated by densitometric scanning. 

RESULTS 

Polyamine depletion inhibits growth but does not 
induce apoptosis in IEC-6 cells. Several investigators 
have demonstrated that polyamines are required for 
cell growth and proliferation (43, 48, 57). In this and 
other studies (35), we have shown that depletion of 
cellular polyamines by long-term administration of 
DFMO significantly decreases IEC-6 cell growth. De- 
creased cell growth occurred within 3-4 days following 
DFIVIO treatment and remained unchanged (Fig. 1). 
Supplying exogenous spermidine prevented the de- 
ft ease in rate of growth. Similar restoration of growth 
occurs with putrescine or spermine. Recently, studies 
have shown that increases in JNK result in the induc- 
tion of apoptosis in certain cell types (8). We wanted to 
examine whether t he reduction in growth in polyamine- 
depleted cells was a result of apoptosis. By examining 
the terminal deoxynucleotide transferase labeling of 
3'-OH ends of DNA (Fig. 2A) and DNA laddering (Fig. 
2B) as markers of apoptosis, we found that treatment of 
IEC-6 cells with DFMO did not result in the induction 
of cell death. 

Polyamine depletion affects the progression of the 
TEC-6 cell cycle. The increased doubling time and 
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Fig. 1. Polyamine depletion decreases cell growth. Growth curves of 
I EC 6 cells that were grown under control conditions or in presence of 
5 mM DL-u-dlfluoromethylornithine (DFMO) or DFMO + 5 pM 
spermidine (SPD) (means ± SE, // = 3). * Significant difference 
compared with untreated controls using ANOVA {P< 0.05). 



decreased cell number without apoptosis suggest that 
polyamines might be involved in the regulation of the 
cell cycle. Therefore, we examined the effect of DFMO 
on the progression of the cell cycle. In controls, normal 
cell cycle progression was evident by an increased S 
phase with a concomitant decrease in the G : phase on 
days 1 and ^and then subsequent accumulation of cells 
into G! on day J when cells reached confluence (Fig. 
3/1). In contrast to this, polyamine depletion arrested 
cells in the phase on day /, as shown in Fig. 3B. 
Abotit 60% of the cells were in the G[ phase, and this 
increased on subsequent days. Addition of putrescine to 
DFMO -treated cultures caused the normal progression 
of the cell cycle to resume (data not shown). 

Polyamine depletion induces p53, p2I Wiifl/Ci i u , and 
p27^P l . As shown in Fig. 4, DFMO treatment of IEC-6 
cells results in t he accumulation of proteins that inhibit 
cell cycle progression. The level of p53, a tumor supres- 
sor gene product, was increased by 150% in DFMO- 
treated cells (Fig. 4/1); p27 Ki > li , a mitotic inhibitor 
protein, was upregulated in polyamine-depleted cells 
by 50% (Fig. AB). Polyamine depletion also resulted in a 
remarkable increase (77%) in the level of p 21 w » ri/Ci P 1 
(Fig. 4 6), which negatively regulates the formation of 
cyclin-CDK complexes that are required for normal cell 
cycle progression. These results support the not ion that 
polyamines normally suppress pathways that increase 
CDK inhibitory protein expression. 

Effect of polyamine depletion on the activities and 
levels of ERKs. We previously reported that polyamines 
are required for EGF-mediated cell proliferation in 
IEC-6 cells (35). It is now well established that the 
EGF-mediated signal cascade that involves ERKs 
(ERK-1, ERK-2, and JNK, also called SAPK) plays 
important roles in cell proliferation (50). Phosphoryla- 
tion of transcription factors such as c-Fos, c-Myc, and 
c-Jun by activated ERKs increases the rate of transcrip- 
tion of growth-related genes. Previous studies from this 
laboratory have established that DFMO treatment 
depleted putrescine within 3 h, but depletion of spermi- 
dine required 24 h and depletion of spermine required 
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Pig 2 Poiyamine depletion does not 
induce apoptosis in 1EC 6 cells. A: cells 
were gruwn tor <! days under control 
conditions (/) or in presence of DFMO 
(//) ur DFMO + putrescine (///) and 
then wrre subjected to terminal deoxy 
nucleotide transferase labeling. Immu- 
nolluoresience analysis of each slide is 
shown below corresponding phase-con 
irast photomicrograph. B: cells were 
grow n as described above, and isolated 
DNA was subjected to agarose gel elec- 
trophoresis to determine nucieosomal 
( leavage bv DNA laddering assay. Mo- 
letular wi-ight (MW) lanes are DNA 
size markers \Huk\ III digest {left) and 
1 Lh \\\ digest {right). 



S days (30). We examined the activities of ERK-1 and 
ERK -2 by phosphorylat ion of MBP and JNK activity by 
phosphorylation of GST-c-Jun protein in DFMO- 
t rented cells (3 days), which were then serum deprived 
to achieve quiescence. Poiyamine depletion caused an 
-50% increase in ERK-1 activity, and supplementation 
with putrescine restored the basal level of ERK-1 
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activity (Fig. 5, A and B). Poiyamine depletion had only 
a marginal effect on the level of ERK-1 protein (Fig. 
5(7). In contrast, poiyamine depletion increased ERK-2 
activity 150% compared with control (Fig. 6). The 
increase in ERK-2 activity was largely prevented by 
addition of putrescine to DFMO treated cells (Fig. 6, A 
and B). Interestingly, poiyamine depletion significantly 
reduced the level of ERK-2 protein, which was also 
prevented by putrescine (Fig. 0( *). Similarly, the activ- 
ity of JNK was elevated upon poiyamine depletion 
(120%) and remained elevated in the presence of putres- 
cine (Fig. 7, A and B). The level of JNK protein was low 
in poiyamine depleted cells and returned to normal 
with the addition of putrescine (Fig. 7 Q. The induction 
of JNK activity was the earliest response to poiyamine 
depletion, increasing within 5 1) of DFMO treatment 
(Fig. 8). This increase was prevented by putrescine. 
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Fig. 4. Poiyamine depletion imreases levels of p53 {A), p27 {H), and 
pZl {(..) proteins in ILL' li ceils as indicated by Western blot analysis. 
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Fig. fj. Effect of polyamine depletion un .nth it y .mil level of extracel- 
lular signal regulated kiniise (IKK) 1 ll.C 11 cells were grown under 
control conditions or in presenceof 1)1 MO ur 1)1* MO + putrescine for 
3 clays and serum starved lor iM h, and then (ell extracts were 
prepared. After immunoprecipitation. FRK 1 activity was measured 
by phosphorylation of myelin basic protein (MBP. Ji) and protein 
level (6) was analyzed by Western blot analysis. Specific activity {A} 
is expressed as %control (means * SI), n = 3) and was calculated 
from arbitrary units of activity and protein levels determined by 
densitometry scanning * Significant difference compared with con- 
trol using ANOVA {P< 0.05) 

These data indicate that polyamines influence the 
activities and protein levels of signal-regulated pro- 
teins in IEC-6 cells. These observations suggest that 
increases in the activities of ERKs as a result of 
polyamine depletion may be related to the inhibition of 
cell proliferation. 

DISCUSSION 

The rapidly proliferating cells of the mucosal epithe- 
lium of the small and large intestines constitute a 
dynamic and unique system to study factors regulating 
cell growth and differentiation. Increased understand- 
ing of the molecular factors that promote growth and 
maturation of the intestinal epithelium has consider- 
able therapeutic relevance. The gastrointestinal mu- 
cosa has the ability to repair itself rapidly after dam- 
age. Repair of the damaged mucosa, called mucosal 
restitution or reepitheliali/at ion. consists of the slough- 
ing of damaged epithelial cells, movement of surround- 
ing cells to cover the wounded area (migration), and 
finally replacement of lost cells by the process of cell 
division (proliferation) (55). A series of studies from this 
laboratory established that polyamines are essential 
for the normal repair of gastric and duodenal erosions 
induced in a rat stress ulcer model. DFMO, an enzyme- 
activated inhibitor of ODC, almost completely prevents 
healing, and oral administrat ion of polyamines immedi- 



ately after the period of stress restores the normal rate 
of healing (60, 61). Although it has been repeatedly 
demonstrated that, in most cells, polyamine depletion 
leads to an inhibition of cell proliferation, the actual 
mechanism by which this is achieved is not understood 
at the molecular level In view of the above, in the 
present investigation we demonstrate that polyamine 
depletion leads to cell cycle a nest with the induction of 
p53, p27, and p2l and involvement of sustained induc- 
tion of the MAPK signal transduction cascade. 

Because polyamine depletion had such a dramatic 
effect on cell growth (Fig. 1), we presumed that poly- 
amines might have some regulatory role in cell cycle 
progression. IEC-6 cell cycle analysis was carried out in 
the presence and absence of DFMO to establish the 
specific effect of polyamine depletion on cell growth. 
Results in Fig. 3B clearly indicate that polyamine 
depletion arrested cells in the G l phase within 24 h (i.e., 
within one cell cycle). Seidenfeld et. al. (5 1) also showed 
a marked increase in the Gj phase fraction and de- 
crease in the S phase traction as a consequence of 
DFMO treatment in four different carcinoma cell lines. 
More recently, Fredlund and Oredsson (13. 14) found 
impaired DNA replication and lengthening of the Gi 
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Fig. 6. Effect of polyamine depletion on activity and level of ERK-2. 
I EC 6 cells were grown under control conditions or in presence of 
DFMO or DFMO + putrescine tor 'A days and serum starved lor 24 h, 
and then cell extracts were prepared Alter immunoprecipitation, 
ERK-2 activity was measured by phosphorylation of MBP {B) and 
protein level (6) was analyzed by Western blot analysis. Specific- 
activity {A) is expressed as "-..( tint ml (means * SI), /; — 3) and was 
calculated from arbitrary units ot .tctivitv and protein levels deter 
mined by densitometry scanning 'Significant difference compared 
with control using ANOVA {/ ' 0 U')J. 
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Fig. 7. Effect of polyamine depletion on activity and level of c Jun 
NH^-terminal kinase (JNK) 1. IEC 6 cells were grown under control 
conditions or in presence ot DEMO or DEMO + putresrlne for 3 days 
and serum starved for 2-\ h. and then (ell extracts were prepared. 
After immunoprei ipitatiun. JNK 1 activity was measured by phos- 
phorylation uf glutathione transferase ((.Sll i Jun (/0 and protein 
level {€) was analyzed by Western hlut analysis Speciln activity {A) 
is expressed as "..cur it ml (means * SD. /; '<) and was calculated 
from arbitrary units ol .ntivitv and protein levels determined by 
densitometry sr .inning *Signitkant dilterenir t ompared with con 
trol using AN OVA (/'•- Dt) r j) 
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Eig. 8. Time oinisf of «- 1 1 *- • t til pnh.inurie d^pietmn mi activity of 
JNK 1 . IEC 6 i ells were grown wilder t niitrni < nndiiinns for 3 days, 
s^rum starved lm .-M h .md treated in presence and absence of DEMO 
or DEMO + put rest me lur indicated t imes. JNK 1 activity was 
determined as described in materials and methods 
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and S phases within one cell cycle after plat ing Chinese 
hamster ovary (CHO) cells in the presence of DFMO. 
Coupled with our finding of no significant increase in 
apoptosis, these data indicate that polyamine depletion 
in IEC-6 cells caused cell cycle arrest. 

Progression through the cell cycle is mediated by a 
phylogenetically conserved family of protein kinases 
known as CDKs. CDKs are composed of a catalytic 
subunit and a requisite positive regulatory subunit 
termed a cyclin (44). The CDK activities that govern 
cell cycle progression require coordination and regula- 
tion. In most cases, positive regulation is mediated at 
the level of cyclin accumulation (22, 25, 42). Negative 
regulation of CDK activity is achieved by phosphoryla- 
tion of the catalytic subunit or via the binding of CDK 
inhibitory proteins that include p2\ Wii(UCi v l and p27 Ki P' 
(41). Increased levels of CDK inhibitory proteins bind 
to cyclin-CDK complexes and render these complexes 
inactive. CDK inhibitory proteins have been implicated 
in negative regulation of the cell cycle by both inter- 
nal and external signals (19, 54). Treatment of IEC-6 
cells with DFMO increased the levels of p27 Ki * >1 and 
p2iw.fi/cipi (Fig 4 Band q The incr ease in p21 w " fl/Ci P> 

was significantly greater than the increase in p27 Kipl . 
Induction of p21 has been reported to be both p53 
dependent and p53 independent based on the type of 
stimulus (34). Activation of p53 turns on the transcrip- 
tion of p21 Wafl/Ci P | , which binds to and inhibits CDKs, 
causing the accumulation of the hypophosphorylated 
form of retinoblastoma protein. This form of retinoblas- 
toma protein binds to E2F, which is a specific transcrip- 
tion factor for S phase gene expression, prevents the 
release of E2F, and blocks the G r S transition (12). 
Polyamine-depleted cells showed a significant induc- 
tion of p53 protein (Fig. 4/1), suggesting p53-dependent 
induction of p21 w " fl/Ci » jl . 

The MAPK and SAPK pathways, which include the 
ERKs and JNK, respectively, link cell surface and 
nuclear events Downstream effects of activated MAPK 
include phosphorylation of the substrates c-Fos and 
c-Jun, which in turn stimulates cell cycle progression. 
The current experiments clearly demonstrate that poly- 
amine depletion decreased ERK-2 protein level while 
increasing ERK-2 activity Addition of putrescine main- 
tained the basal level of ERK-2 activity (Fig. 6). In 
contrast, ERK-1 protein was not affected by polyamine 
depletion, but ERK-1 activity also was increased (Fig. 
5). This was a surprising and unanticipated correlation 
between increased MAPK activity and growth inhibi- 
tion. These results are in contrast to the existing 
paradigm, which suggests concomitant increases in 
MAPK activity and cell proliferation. Pumiglia and 
Decker (45) first described a novel paradigm in which 
(lie MEK/MAPK pathway negatively regulates CDK 
activity and mediates cell cycle arrest. Soon thereafter, 
const itutively active MEK-1 was shown to induce epi- 
thelial differentiation and growth inhibition in Madin- 
Darby kidney cells (49) and MAPK was reported to 
mediate inhibition of proliferation in smooth muscle 
cells (3). 
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Because polyamine depletion inhibited cell growth 
and induced MAPK, we presumed that DFMO might 
cause stress and induce stress-regulated kinase (JNK) 
activity. DFMO treatment completely depleted putres- 
cine within 3 h, whereas spermidine and spermine 
depletion was evident after 24 h and 3 days, respec- 
lively, in cultured intestinal epithelial cells (36). We 
observed a sustained increase in JNK activity when 
cells were grown in the presence of DFIvlO. Increased 
JNK activity was the earliest event observed (Fig. 8) 
and remained elevated up to 4 days (Fig. 7). Taken 
together, these results indicate a link between cell 
growth and activation of MAPK and SAPK. Recently, a 
role for oncogenic Ras and the MAPK pathway in p53 
modulation and function has been revealed in both 
human and rodent cells. High expression of Ras or 
activation of the Mos/MAPK pathway induces wild- 
type p53 levels and causes a permanent growth arrest, 
similar to cellular senescence (16, 52). In a cell line 
defective in the MAPK pathway and in p53 expression, 
increased expression of ERK-2 restores the normal 
level of p53, clearly placing ERK-2 in a pathway that 
regulates the steady-state level of p53. MAPK has been 
shown to phosphorylate residue 73 or 83 of murine p53 
in vitro (2, 38); p53 is involved in several different 
aspects of cell cycle arrest, apoptosis, control of genome 
integrity, and DNA repair (64, 65). Sustained increases 
in JNK also result in apoptosis in some cell lines by 
activating p53 and inducing CDK inhibitor proteins (8, 
23,32, 52,64). 

In summary, our results show that polyamine deple- 
tion of IEC-6 cells leads to cell cycle arrest in G { without 
causing apoptosis. Inhibition of growt h was accompa- 
nied by increased levels of p21, p27, and p53. Taken 
together, these data suggest that in the absence of 
polyamines increased MAPK/JNK induces p53, which 
in turn may increase the transcription of p21, inhibit- 
ing CDK and blocking cell cycle progression. This is the 
first report that polyamine depletion activates signal 
transduction pathways leading to cell cycle arrest. 
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